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ABSTRACT: 27 
  28 
Herein we report the experimental observation (X-ray characterization) of an anion–anion complex 29 
(anion = hydrogen fumarate) stabilized by H-bonds that is trapped in a secondary squaramide receptor. 30 
High level ab initio calculations indicate that the anion-anion complex is thermodynamically unstable 31 
but kinetically stable with respect to the isolated anions design of supramolecular synthons for 32 
generating interesting and novel assemblies in the solid state.6 Actually, the utilization of squarate salts 33 
is common in crystal engineering7 and organic material research.8 Moreover, secondary squaramides 34 
have been used in molecular recognition and supramolecular chemistry due to their strong ability to 35 
establish H-bonding interactions both as donors and acceptors.9-11 36 
 37 
  38 
Theoretical studies have suggested the possibility of finding anion–anion hydrogen-bonded cluster 39 
minima in the absence of solvent.1 The existence of a dissociation barrier makes these minima stable, 40 
although their overall binding energy is repulsive.1c,d Obviously, the Coulombic energy dominates an 41 
interaction that is repulsive in the case of systems with the same charge. The analysis of reported 42 
minima structures in hydrogen bonded systems indicates that attractive electrostatic contributions 43 
between the groups involved in the HB interaction are the responsible for the presence of such minima.2 44 
Anion-anion repulsion is stronger than hydrogen bonding at long distances. However, at hydrogen bond 45 
distances, upon formation of the anti-electrostatic assembly, the complex is kinetically stable. For 46 
instance, in phosphate aggregates, the dissociation barrier can be as large as ~17 kcal/mol.1b,c In fact, 47 
dimerization of phosphates occurs in near-saturated solutions.3 Furthermore, it has been reported that 48 
hydrogen oxalate form hydrogen bonded chains in the solid state. 4 It has been recently shown that the 49 
molecular recognition of anions offers the possibility to create capsules containing two guest molecules, 50 
i.e. “H–G–G–H” (H = host, G = guest).5 In case the guest is an anion, this strategy gives the opportunity 51 
to investigate and characterize anion···anion non-covalent interactions. 52 
Squaramides (squaric acid amides) have been used in the design of supramolecular synthons for 53 
enerating interesting and novel assemblies in the solid state.6 Actually, the utilization of squarate salts is 54 
common in crystal engineering7 and organic material research.8 Moreover, secondary squaramides have 55 
been used in molecular recognition and supramolecular chemistry due to their strong ability to establish 56 
H-bonding interactions both as donors and acceptors.9-11 57 
Taking advantage of our previous experience in the synthesis and X-ray characterization of squaric acid 58 
derivatives and their utilization in molecular recognition,12-14 in the present communication we have 59 
envisaged the utilization of a bis-N,Ndimethylaminoethyl secondary squaramide (SQA, see Scheme 1) 60 
in combination with fumaric acid to generate supramolecular assemblies with the formation of anion–61 
anion complexes. The ability of secondary squaramides to form the H-bonding pattern shown in Scheme 62 
1b can be used as a driving force for the formation of the assembly. This combined with the presence of 63 
the tertiary amine groups facilitate the formation of hydrogen fumarate anions and their H-bonded 64 
complexes. The kinetically stability of such anion–anion complexes has been confirmed by means of 65 
high level ab initio calculations. 66 
The solid state structure of the hydrogen fumarate salt is shown in Fig. 1a. It is remarkable the presence 67 
of channels formed by the secondary squaramide moieties interconnected by H-bonds. These channels 68 
are of adequate size and shape to accommodate two infinite self-interacting chains of hydrogen fumarate 69 
anions (see Fig. 1b). The anions also interact with the walls of the channels by means of ion-pair 70 
interactions as further described below. 71 
As aforementioned, the theoretical study has been focused on the analysis of the anti-electrostatic H-72 
bonds that are established between the hydrogen fumarate anions. We have computed (see ESI for 73 
details) the interaction energies using high level ab initio calculations (RI-MP2/aug-cc-pVTZ level of 74 
theory). Fig. 2 shows the optimized geometries of three different anion-anion complexes that are true 75 
minima in the potential energy surface (PES). Their interaction energies are also indicated in the figure. 76 
The double “head-to-tail” binding mode leads to the most stable anion–anion complex that is 6.3 77 
kcal/mol higher in energy that the separated monomers. The head-to-head complex is only 1.2 kcal/mol 78 
less favored that the double “head-to-tail” binding mode. This is likely due to the presence of two 79 
secondary C–H···O interactions in the latter (see blue dashed lines). Finally, we have found another 80 
anion–anion complex that is very high in energy (+26.0 kcal/mol), denoted as “head to tail”, where only 81 
one strong O– H···O– H-bond is established. Only this binding mode is well suited for the formation of 82 
chains since the other two are selfassembled dimers. 83 
The existence of a metastable structure with positive interaction energy values is only possible if a local 84 
minimum is present in the PES together with a concomitant dissociation barrier that prevents the 85 
monomers to spontaneously dissociate. The dissociation scan plot for the “head-to-tail” binding mode is 86 
shown in Fig. 3 and evidences the existence of a 6.2 kcal/mol energetic barrier. Interestingly, the O···H 87 
distance in the TS is very long (3.206 Å). At O···H distances longer than 4.5 Å the H-bond is 88 
completely broken and the dissociation path converges to the imaginary curve (red dashed line) that 89 
corresponds to the potential energy of two isolated negative point charges located at the position of the 90 
carboxylate groups. At distances shorter than 4.5 Å the dissociation path and the local minimum are 91 
situated well below this imaginary curve.  92 
A detail of the anion–anion interaction observed in the solid state of 1 is given in Fig. 4. It is worth 93 
mentioning that, unexpectedly, the charged N+–H group is not pointing to the anionic moiety of the 94 
hydrogen fumarate, instead it forms a hydrogen bond with the neutral carboxylic group (O···H distance 95 
1.78 Å). The H-bond distance of the anion–anion complex is 1.65 Å (see Fig. 4b) that is in good 96 
agreement with the theoretical one (1.60 Å, see Fig 2c). Moreover, the experimental complex also 97 
reveals the existence of the predicted complementary C–H···O interaction (2.38 Å). 98 
We have also studied the anion–anion complex and also the whole assembly including the counter-99 
cation energetically. We have evaluated both the anion–anion and cation–cation complexes as they stand 100 
in the X-ray structure. The interaction enrgies are, as expected repulsive (+34.9 for the cation–cation and 101 
+37.0 kcal/mol for the anion-anion). We have also computed the interaction energy of the whole 102 
assembly (C–A–A–C, C = cation, A = anion), that is large and favorable (ΔE3 = – 29.5 kcal/mol). This 103 
interaction energy has been computed considering that the assembly is a binary system (i.e. 2 x C–A→ 104 
C–A····A–C). 105 
Finally, we have also performed the AIM analysis of C–A····A–Cassembly, where the anti-electrostatic 106 
H-bonding (AEHB) interaction is established. The presence of a bond critical point (CP) and bond path 107 
connecting two atoms is an unambiguous evidence of interaction.15 Fig. 6 depicts the AIM analysis of 108 
the assembly that reveals an intricate distribution of bond CPs and bond paths due to the existence of a 109 
high number of interactions between the anionic and the cationic parts of the assembly. A close look to 110 
the distribution (see highlighted area in Fig. 6, right) reveals the existence of a bond CP and bond path 111 
connecting the O atom of the carboxylate group to the H atom of the carboxylic group, thus confirming 112 
the existence of the AEHB interaction. More importantly, the O–H···O HB lies exactly above the four 113 
membered ring of the squaramide, establishing cooperative lp–π and anion–π (A–π) interactions as 114 
revealed by the presence of two bond CPs and bond paths connecting the O atoms to the C atoms of the 115 
four membered ring. These secondary O···C interactions confer an extra stabilization to the AEHB. 116 
In conclusion, we have reported the X-ray structure of an anion–anion complex stabilized by H-bonds 117 
and a combination of anion/lp–π interactions that is trapped between two secondary squaramide 118 
receptors. High level ab initio calculations show that the anion-anion complex is thermodynamically 119 
unstable but kinetically stable with respect to the isolated anions. Since carboxylate anions are very 120 
common in chemistry, we anticipate that the results published herein may guide other researchers to 121 
interpret structural data where carboxylate anions are involved in anion···anion structurally determinant 122 
interactions and help chemists to design new multicomponent crystals based on this interaction. 123 
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NOTES AND REFERENCES 128 
 129 
§ Procedure for the preparation of crystals of 1 suitable for X-ray crystallography: See Table S1. ‡ 130 
Crystal data for 1 (CCDC no. 1588700): Empirical formula C33H59N8O16, M = 823.88, triclinic, a = 131 
6.196(8) Å, b = 13.132(11) Å, c = 13.815(13) Å, α = 73.83(5) ⁰, β = 83.92(6) ⁰, γ = 78.69(6)⁰, V = 132 
1057.1(19) Å3, T = 293(2) K, space group Pī, Z = 1, 6197 Reflections measured, 6189 Independent 133 
reflections [R(int) = 0.0411], Completeness to θ = 25.003° (99.8 %), Final R indices [I>2σ(I)] were R1 134 
= 0.1770 (all data), wR2 = 0.2466 (all data). See Table S1 for full details 135 
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We report the experimental observation (X-ray characterization) of an anion–anion complex (anion = 210 
hydrogen fumarate) stabilized by H-bonds that is trapped in a secondary squaramide receptor. 211 
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Legends to figures 216 
 217 
Scheme 1. (a) Structure of compound 1. (b) H-bonding pattern typical for secondary disquaramides. (c) 218 
Cartoon representation of the SQA···A···A···SQA assembly. 219 
 220 
Figure. 1 (a) Detail of the channels that are formed in the crystal structure of 1. (b) Detail of the 221 
hydrogen fumarate chains (in spacefill format) inside the channel formed by the H-bonded secondary 222 
squaramides. 223 
 224 
Figure. 2  Three different binding modes for the anion-anion complexes: “head-to-head” (a), double 225 
“head-to-tail” (b) and “head-to-tail” (c). Distances in Å. 226 
 227 
Figure. 3 Dissociation path of the “head-to-tail” anionic complex in the gas phase. ΔE and d(O-H) stand 228 
for the interaction energy and the distance between the H and O atoms, respectively. Red dashed line 229 
corresponds to the potential energy curve of two isolated negative point charges located at the position 230 
of the carboxylate groups. 231 
 232 
Figure. 4 (a) Symmetry equivalence representation of the X-ray structure of 1. (b) Detail of the anion–233 
anion complex between the hydrogen fumarate molecules. Distances in Å.. 234 
 235 
Figure. 5 Interaction energies of the cation···cation (C–C) complex (a) anion···anion (A–A) complex 236 
(b) and C–A····A–C assembly (c). Distances in Å. 237 
 238 
Figure. 6 Distribution of bond critical points (CPs, green spheres) and bond paths connecting them. The 239 
intramolecular bond CPs and bond paths have been omitted for clarity. 240 
 241 
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